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Removal of poly(A) and c nsequent 
degradati n of c-fos mRNA facilitated 
by 3' AU-rich sequences 

Tim Wilson & Richard Treisman* 

MRC Laboratory of Molecular Biology, MRC Centre, Hills Road, 
Cambridge CB2 2QH, UK 



The c-fos proto-oncogene provides a good system to study the 
processes underlying messenger RNA degradation. After growth 
factor stimulation of susceptible cells, the c-fos transcription rate 
transiently increases from a to? basal level by as much as 50-fold 1 , 
producing a large amount of exceedingly unstable c-fos mRNA 
that is rapidly degraded 1 " 3 . Here, we investigate the c-fos mRNA 
degradation process, and ficd that: (1) ongoing translation of the 
c-fos mRNA itself is required for Its degradation; (2) after syn- 
thesis, the mRNA poly(A) tall b rapidly removed, in a translation- 
dependent manner, leading to accumulation of apparently de- 
adenylated RNA; (3) deletion or replacement of an AU-rich 
sequence at the mRNA 3' end significantly stabilizes the mRNA; 
(4) deletion of the 3' AU-rich sequences dramatically slows the 
poly(A) shortening rate. These results suggest that the 3' AU-rich 
sequences act to destabilize the mRNA by directing rapid removal 
of the mRNA poly(A) tract. 

In mouse NIH3T3 cells, c-fos mRNA accumulates to high 
levels by 30 min after serum stimulation, and decays to pre- 
stimulation levels after 90 min (Fig. 1, lanes 1-6). We used an 
actinomycin D chase to examine mRNA decay in the absence 
of continuing transcription. Control experiments showed that 
addition of actinomycin together with serum is sufficient to block 
transcription induction completely, demonstrating that the 
inhibitor acts virtually instantaneously (data not shown). 
Actinomycin treatment slightly inhibits c-fos mRNA turnover 
(Fig. !, compare lanes 1-6 with 7-12). When cells are stimulated, 
with serum in the presence of cycloheximide, c-fos mRNA is 
completely stable for at least 90 minutes after actinomycin D 
addition(Fig. 1, compare lanes 13-15 with 9-12). To test whether 
cycloheximide acts instantaneously, we added the inhibitor 
30 min after serum stimulation and measured RNA levels at 
later times. Little, if any, degradation was subsequently 
observed, indicating that cycloheximide acts instantly to block 
mRNA turnover. Similar results were obtained with c-fos mRNA 
transcribed from the endogenous HeLa cell c-fos gene (data not 
shown). These results are consistent with the notion that turnover 
of C-/05 mRNA is sensitive to the inhibition of protein synthesis 
because it requires ongoing translation of the c-/os mRNA itself, 
rather than continuous synthesis of a labile degradati ve protein. 

Previous work has shown that c-fos RNA changes in length 
before turnover: it has been suggested that this may be due to 
poly(A) tail shortening 45 . To test this idea, we used a non- 
denaturing gel assay to analyse HeLa cell C-/05 transcripts. An 
RNA probe continuously radiolabeled with 32 P, spanning the 
mRNA 3' end was annealed to total cell RNA, the resulting 
duplexes were treated with nuclease Tl, and the nuclease-resis- 
tant RNA was fractionated by non-denaturing or denaturing gel 
electrophoresis. Under the conditions used, the poly(A) remains 
intact and is not cleaved from the mRNA. Upon non-denaturing 
gel electrophoresis, the mixed single-strand/duplex RNA will 
migrate with mobility dependent on poly(A) tail length; 
heterogeneity in poly(A) length will cause migration as a smear 
rather than a sharp band. The results are shown in Fig. 2. HeLa 
cells have a somewhat higher basal level of c-fos transcription 
than the 3T3 cells discussed above, but the characteristic 
transient accumulation of c-/os mRNA still occurs after serum 
stimulation (Fig. 2a, lanes 1-6, lower panel). At early times after 
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Fig. 1 Translation of c-fos mRNA is required for its degradation. 
Serum-starved NIH3T3 cells were stimulated as indicated. Total 
cellular RNA was prepared at the times indicated after stimulation 
and 30 jig analysed for murine c-fos mRNA (c-/os M ) by ribo- 
nuclease protection mapping. Lanes 1-6, RNA from cells at 0, 15, 
30, 60, 90 and 120 min after stimulation with 15% fetal calf serum. 
Lanes 7-13, as lanes 1-6 but with 5 jig ml"' actinomycin D (AMD) 
added 30 min after stimulation. Lanes 13-15, RNA at 60, 90 and 
120 min after stimulation with serum and 10 ng ml" 1 cycloheximide 
(CHX); 5p.gmr l actinomycin D was added 30 min after serum 
stimulation. Lanes 16-18, RNA at 60, 90 and 120 min after serum 
stimulation, with both actinomycin D and cycloheximide added 
30 min after stimulation. 

Methods. Total cell RNA preparation and RNAse mapping were 
as previously described 4 . The probe was generated from plasmid 
pSP64F M 5\ which carried an AhaU fragment (nucleotides -14 to 
+ 180) spanning the 5' end of the murine c-fos gene (c-/oj m ; ref. 
29) inserted in the amisense orientation in the EcoKl site of pSP64. 
Correctly initiated c-/os M RNA generates a 180-nucleotide RNAse* 
resistant fragment from this probe. 



stimulation most c-fos mRNA molecules carry a long poly(A) 
tail (Fig. 2a, lanes 2, 3); later, the poly(A) length distribution 
becomes more heterogeneous (Fig. 2a, compare lanes 2, 3 with 
5, 6). At 40-45 min after stimulation, the majority of HeLa cell 
c-/o5 H (humir: >/<w) RNA molecules carry only short poly(A) 
tracts or are oe-adenylated (Fig. 2a, lanes 5, 6). Control experi- 
ments showed that the smears observed were due to poly(A), 
as pretreatment of the RNA with RNAse H in the presence of 
oligo(dT) led to the generation of hybrids of the length predicted 
for those generated by de-adenylated c-fos H RNA (data not 
shown). To establish a precursor- product relationship between 
the polyadenylated and de-adenylated c-/os H mRNA, we perfor- 
med an actinomycin D chase at 15 min after stimulation, a time 
at which most RNA has a long poly;A) tail (Fig. 2a, lanes 
10-16). This experiment confirms that the apparent change in 
poly(A) length is due to shortening of initially long chains rather 
than de novo syntt.esis of shorter molecules. In addition, the 
results suggest that the mRNA is stable until the poly(A) tail 
has been substantially removed, after which the RNA is 
degraded (Fig. 2a, lanes 2, 10-16). In the case of c-myc RNA 
degradation in vitro, cleavage within an AU-rich region has been 
reported 6 ; however, we did not detect increased cleavage within 
the c-/os AU-rich region during mRNA degradation (data not 
shown). Rapid poly( A) shortening requires ongoing translation, 
as serum stimulation in the presence of cycloheximide results 
in a greatly decreased shortening rate (Fig. 2b, lanes 1-3). 
Although shortening is observed at later times, this may reflect 
the toxic effects of the drug. 

To examine regions of the c-/os mRNA involved in mRNA 
degradation, we concentrated on the 811 -nucleotide long 3* 
untranslated region. The c-fos 3' sequences are required for 
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Fig. 2 Analysis of c*fos H poly(A) 
shortening rates. RNAse Tl-resisiaa: 
hybrids formed between c-/os H RNA 
and a probe spanning the 3' end of the 
mRNA were fractionated on non- 
denaturing (upper panel) or denatur- 
ing (lower panel) gels. Times in 
_ minutes after stimulation are shown 
below each lane, a, Poly(A) shortenrng" 
in HeLa cells after serum stimulation. 
Lanes 1-9, RNA from ceils stimulated 
with serum; lanes 10-16, RNA from 
serum-treated cells after addition of 
actinomycin D 15 min after stimula- 
tion. 6, Effect of cycloheximide on 
poly(A) shortening rate. Lanes 1-3, 
RNA from cells stimulated with 15% 
serum and i0p,gmr' cycloheximide. 
Arrowheads show positions of pBR322 
Mspl marker fragments. 
Methods. Total cell RNA prepar- 
ation and RNAse protection mapping 
were performed as described 4 , except 
that CSiigmt' 1 RNAse Tl only was 
used for ribonuclease treatments. The 
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3' probe plasmid,pSP64F H 3\ contains n . 
c-fos" nucleotides 3,131 (Ncol) to Denalljr ^ 



-4,350 (Ahalll) inserted in the ami- 
sense orientation into pSP64. Probe 
produced from this ptasmid linearized 
at the Bell site generates a 240-nucleo- 
tide fragment mapping the 3' poly- 
adenylation site. Soon after stimula- 
tion large amounts of presumptive c- 
fos H mRNA precursor are present that 
generate fragments complementary to 
the entire probe (data not shown). 



Fig. 3 a, Stability of mutant c-/os H mRNAs in transient serum 
stimulatton assays for genes A-E. Total ceil RNA from cells trans- 
acted with the following c-/oj H plasmids was analysed by RNase 
protection mapping: lanes 1-4, pF7ll (ref. 4); lanes 5-8 
pF71 l.BSVA; lanes 9-12, pF7ll.AAU; lanes 13-16 pRll 13- 
lanes 17-20, pF71 1.1223. Each set of lanes contains RNA prepared 
at 0, 40, 90 and 240 min after serum stimulation. Protected frag- 
ments generated by the c-fos H and reference o-globin (ref) 5' exons 
are indicated, b. Structures of the genes analysed, c-fos 3' AT-rich 
sequences shown as a solid bar and SV40 sequences cross-hatched 
quantitation data, expressed as the ratio of c-fos H RNA present 
at 90 and 240 min after stimulation relative to the peak value at 
40 min, are shown at the right, with standard error of the mean in 
brackets. The number of independent determinations is shown in 
brackets at the left. 

Methods. Cell transfection, RNA preparation, RNAse mapping 
were as previously described 4 . Plasmids were derived from pF71 1 
(ref. 4) and arc as follows. pF7 1 l.BSVA has c-/oj h (ref. 30) 
sequences 3' to the Bell site at nucleotide 3,897 replaced by the 
early region poly(A) addition signal (BamHl + BcIl fragment 
nucleotides 2,771 to 2,534). pF7l 1AAU lacks c/os H AU sequences' 
(5 3,949 TGAAAACGTTTTATTGTGTTTITAATTTATTTATT 
AAGATGGATTCTCAGATATTTATATTTTTATTTTATTTTTT 
4,024 3') and was constructed by site-directed mutagenesis of an 
appropriate M 1 3 clone using the mutagenic primer 5' C AAaG ACC 
TCAAGGTAGATCTGGAAAACTGTTAATGTC 3\ which 
inserts the nucleotides GA at the deletion site. pF7ll.l3 lacks 
c-/o5 nucleotides 3,354 (Nael) to 3,897 (Bell) and contains an 
insertion of CATG to create an Ncol site at the deletion point 
PF7M.I223 is derived from pF7U.13 and contains a duplication 
of c-/oj nucleotides 3,354 to 3.P97. The reference plasmtd was 
TrSVHSal f o (rt: Data were quantitated by densitometry scan- 
ning of suitable autoradiograms using the MRC fiensiometry facil- 
ity and c-/os RNA values normalized with respect to the a-globin 
reference standard. 
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Fig. 4 Analysis of c-fos H 3' poly(A) shortening in transfected 
NIH3T3 cell pools. RNAse Tl resistant hybrids formed between 
c-/bs H RNA and appropriate probes spanning the 3' end of the 
mRNAs were fractionated on non-denaturing (upper panel) or 
denaturing (lower panel) gels. Tim es in minutes after stimulation 
are snown oeiow eacn lane. Pools o f cells trattsfecte o with eithei 
pF7l! (WT, lanes 1-7) or pF71IAAU (lanes 8-14) were serum- 
starved and restimulated with medium containing 15% FCS. 
Methods. NIH3T3 cells were transfected with 1 »&g supercoiled 
c-/os H plasmid, I u.g pSV2neo and 20 »ig pUCl2 carrier DNA per 
75-cm* flask using calcium phosphate co-precipitation as 
described 31 . Colonies of cells resisting 400u.gmr 1 G4I8 were 
pooled and used for RNA analysis. Southern blotting analysis 
demonstrated that the pools contained insertions of the transfected 
genes at many different locations (data not shown). A 3' probe 
plasmid, pSP64F H 3'AAU, analogous to pSP64F H 3\ but finearized 
at the Pvull site, was used to analyse transcripts of the mutant 
gene. De-adenylated mRNA generates protected fragments of 
lengths 240 nucleotides and 334 nucleotides from wild-type and 
mutant genes respectively. RNA preparation and mapping were 
performed as described in the legend to Fig. 2. 
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transient c-fos mRNA accumulation after serum stimulation, at 
least in part because they destabilize c-fos mRNA 4,7,8 . Previous 
studies have shown that this region contains a 67-nucleotide 
AT-rich segment that acts to suppress the transforming activity 
of the c-fos gene 910 ; this region is highly conserved and is 
homologous to sequences in the granulocyte/macrophage 
colony stimulating factor mRNA that confer instability on rabbit 
£-globin mRNA 11 . Studies of histone mRNA degradation have 
suggested that degradation is dependent on 3' untranslated 
region length 1 . We therefore examined the behaviour of trans- 
fected normal and mutant c-fos H genes in a transient serum 
stimulation assay 4 . Mouse NIH373 fibroblasts were transfected 
with c-/os gene plasmids together with a plasmid carrying ;he 
human a-globin gene as an internal reference standard. Follow- 
ing RNAse protection analysis, RNA was quantitated by 
densitometry and c-fos" RNA levels were normalized to the 
a-globtn reference signal. In u.o assay, the peak of wild-type 
C-/OS mRNA accumulation is broader than that of the 
endogenous gene, reaching a peak at 40min after stimulation 
and declining substantially over the next three hours (see Fig. 
3, gene A; lanes 1-4; ref. 4). These slower kinetics of mRNA 
turnover are probably due to the large numbers of template 
molecules in each transfected cell, as the c-/o5 H genes in stably 
transfected mouse NIH373 cell lines exhibit similar turnover 
kinetics to the endogenous mouse gene (see below); neverthe- 
less, mutant phenotypes are clearly discernible in the transient 

, When the eXtreme y end of Q -f° s *ene, which contains 
the AU-rich region, is removed and replaced with the SV40 early 
region polyadenylation signal mRNA decay is retarded (Fig. 3 
gene B: compare lanes 5-8 with 1-4; quantitation in Fig. 3). We 
used oligonucleotide-directed mutagenesis to construct a gene 
lacking the AT-rich region (pF7UAAU; Fig. 3, gens C). This 
mutant exhibits similar kinetics to the 3' end replacement mutant 
(Fig 3, compare lanes 9-12 with 1-4). In contrast, deletion of 
a 543-nucleotide Nael + Bc/I fragment of the 3' untranslated 
region has essentially no effect on mRNA turnover, although 
perhaps increasing turnover rate slightly (Fig. 3, gene E; lanes 
l /-20i. Duplication of this region has a similar effect (Fie 3 
gene D; lanes H-I6). These results suggest that the AU-rich 
sequence at the rnRNA 3' end is specifically involved in C-/05 



mRNA degradation and that proximity of the sequence to the 
protein coding region is not strictly required for its function. 
However, it is clear that deletion of the AU-rich sequences does 
not completely stabilize c-/oj h RNA. 

We next tested whether the de-adenyiation process is affected 
by deletion of the 3' AU-rich sequences implicated in c-fos 
mPNA destabilization. We generated pools of mouse NIH3T3 
cell tines containing either the normal c-fos H gene pF71I or its 
3' AAU derivative pRll.AAU by cotransformation of these 
plasmids with plasmid pSV2neo. In contrast to transiently trans- 
fected genes, the stably transfected wild-type c-/w H genes in 
these cells exhibit kinetics of mRNA induction, poly(A) tail 
removal and mRNA turnover that are identical to those of the 
endogenous murine gene (Fig. 4, lanes 1-7, lower panel; com- 
pare with Fig. I, lanes 1-6). In the case of cells stably transfected 
with the 3' AAU mutant gene, poly(A) shortening is both slower 
and apparently more processive than with the wild-type gene 
(Fig. 4, compare lanes 8-14 with 1-7); at present we do not 
know what determines the residual rate of poly(A) shortening 
seen in this mutant. The mutant RNA is substantially more 
stable than wild-type C-/05 mRNA, with appreciable quantities 
persisting throughout the time course. Mo « ever, degradation of 
3' AAU mutant mRNA is still dependent on ongoing translation, 
as this RNA is stable in the presence of cycloheximide (data 
not shown). 

A number of previous observations have suggested a relation 
between poly(A) and mRNA degradation. Shortening of 
poly(A) with age, reminiscent of mRNA •ticketing* 13 has been 
observed in bulk HeLa cell RNA 1415 and in several specific 
cellular RNAs 16 " 18 ; a correlation between poly(A) length and 
mRNA stability is observed in some* 9 - 21 bt*t not all 22 ' 23 mRNAs. 
De-adenylated globin mRNA is unstable in microinjected frog 
oocytes , and de-adenylated mRNAs can be stabilized by poly- 
adenylation' 22s . Our results show that the 3' AU-rich sequences 
present in shortlived mRNAs, such as c-/os u \ granulocyte/ma- 
crophage colony stimulating factor 11 and c-wiyc 6 - 26 , act to direct 
rapid shortening of the 3' poly(A) in a translation-dependent 
manner. The resulting de-adenylated (oroligoadenylated) RNA 
then forms a labile substrate for further degradation; by analogy 
with c-myc RNA this might occur by endonucleolytic cleavage 
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at the AU-rich sequences themselves 6 . Because the c-fos mRNA 
is relatively stable until the po!y(A) tail is removed, the life cf 
the mRNA is essentially determined by the rate of poly(A) 
sh rtening. Interestingly, many of the unstable cellular RNAs 
induced by growth fact r stimulation exhibit such apparently 
two-stage kinetics of mRNA turnover 27 - 28 . It has been proposed 
that AU-rich sequences destabilize mRNAs by acting as a 'sink' 
for poly (A) binding proteins 6 . From our data, we prefer the idea 
that the poly (A) tail and 3' AU» r ich sequences arc basepaired - 
and that a polysome-associated nuclease cleaves at the mismat- 
ched regions. The rapidity with which the c-fos poly(A) length 
becomes heterogeneous suggests that c-fos poly (A) shortening 
may occur by random endonucleolytic cleavage. We speculate 
that the frequency of mismatches within the basepaired region, 
the length of the AU-rich region itself, and its distance from 
the site of polyadeny lation will all influence the rate of poly(A) 
tail shortening and hence the effective life of the mRNA: the 
c-fos V AAU mutant will be a useful gene with which both to 
test these ideas and to investigate other cis acting determinants 
of mRNA stability. 

We thank Andy Newman and Andrew Smith for advice on 
in vitro mutagenesis and Neo transformation respectively, David 
Bentley and Hugh Pelhum for helpful comments on the manu- 
script, and Sydney Brenner for arranging a DuPont studentship 
for T. W. This work was funded by the UK MRC. 
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Circulation of water within wheat grain 
revealed by nuclear magnetic 
resonance micro-imaging 
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Observation of water movement in situ is difficult and very few 
methods are available for measuring directly the motion of water. 
Movement of solutes or suspended particles is not a reliable guide 
and the use of radioactive or heavy water is limited to a few 
applications. Thus, although much has been inferred about the 
mechanism of water movement through comparatively lengthy 
pathways 1 , less Is known for the shorter and more tortuous path- 
ways within and between cells. Still more challenging is the Investi- 
gation of water motion within structurally complex organs of small 
dimensions such as the fruits and seeds of plants, some of which 
behave (for water) as practically closed systems. We have observed 
longitudinally oriented bulk flow of water in developing grains of 
wheat using a pulsed gradient spin echo nuclear magnetic resonance 
technique combined with mlcroscale imaging. Movement of water 
is associated with Import of nutrients by the grain but is on too 
large a scale to be due to phloem transport alone. The flow observed 
could be associated with unloading and/or transport of nutrients 
in the vicinity of the vascular system. This is the first report of 
the observation in vivo of water movement on a sub-millimetre 
scale by non-invasive methods in any biological system. 

Modern developments in nuclear magnetic res nance (NMR) 
spectroscopy inv Wing pulsed gradient spin ech (PGSE) tech- 
niques combined with imaging meth ds offer the greatest 
promise as & means of n n-invasively observing the m vement 
of water in situ on a millisecond ti mescal e. In NMR imaging, 
the nuclear spins in a m lecule of interest (for example protons 



in water molecules) are given a spatial tag by acquiring the 
NMR precession signal in the presence of a magnetic field 
gradient. Refinements in methodology 2 have provided the means 
of imaging water proton density at a microscopic transverse 
resolution of around 25 u.m in a 1-mm slice thickness 3 . PGSE 
is a well-known variant of the NMR method which involves the 
formation of a spin echo using two field-gradient pulses separ- 
ated by a 180° radiofrequency (r.f.) pulse . The position-depen- 
dent phase shifts resulting from these pulsed gradients are 
mutually compensating provided that the nuclear spins remain 
stationary over the timescale A between the gradient pulses. In 
the event of diffusive motion the pulsed gradients cause echo 
attenuation, an effect which has been widely exploited in the 
measurement of molecular self-diffusion 3 . When there is coher- 
ent motion, the echo suffers a phase shift, an effect which can 
in principle be used to measure molecular velocity. 

The PGSE and imaging methods may be combined by apply- 
ing the imaging field gradients to the modulated echo . By 
independent variation of both the imaging and the PGSE 
gradients, the spatial positions and the transnational motions of 
nuclear spins can be revealed. The simplest application would 
involve the observation of attenuation contrast in the image as 
a result of molecular self-diffusion. A more sophisticated 
approach uses Fourier analysis of the image modulation as the 
PGSE gradient pulses are varied in magnitude. Recently it has 
been shown that this technique enables static spin maps and 
dynamic nuclear spin displacement profiles to be measured at 
microscopic resolution in the same experiment 6 . In an earlier 
study we used simple PGSE contrast methods to detect the 
regional variation in the diffusion of water in the transverse 
plane of the developing wheat grain 7 with a transverse resolution 
of about 150 (Jim. Diffusive motion of water was hindered, 
especially in the endosperm but less so in regions through which 
nutrients travel on their way through the grain and into the 
endosperm. 

Transport f nutrients within the grain 8 involves mass flow 
of solution acropetally al ng the vascular bundles of the furrow 
accompanied by the re-circulation of much, if not all, of the 
water within the grain. The combined static/dynamic NMR 
microscopy method 0 has made it possible to measure simul- 
taneously the motion of water attributable to bulk flow and to 



